The ozonization modification of polystyrene (PS) was conducted in acidic condition to enhance the interfacial interaction between PS and polyvinyl alcohol (PVA). Infrared spectra results revealed that the carbonyl and hydroxyl groups were successfully introduced to the PS film by ozonization. The hydrophobic PS was turned to be hydrophilic to some extent by contact angle experiment, which led to the enhancement of interfacial adhesion between PS and PVA. In addition, the adsorption of PS to PVA was also improved. Nano indenter measurement indicated the interfacial interaction between PS film and PVA film was obviously enhanced by 40% after ozonization at room temperature for 2 h in acidic condition, which will benefit for fabricating laser inertial confinement fusion container.
Introduction
Carbon and hydrogen element with low atomic number is often served as the hollow microspheres material of the container for the laser inertial confinement fusion (ICF) experiment [1] [2] [3] [4] [5] . Polystyrene (PS) is an ideal candidate material because of the easy fabricating process of its microspheres. However, the hydrogen barrier property of PS is very poor [6] . Therefore, a barrier layer should be added on the surface of PS to prevent the leakage of fuel gas from the microspheres. Polyacrylonitrile (PAN), Polyvinyl Alcohol (PVA), and carboxymethyl cellulose have a good barrier effect on hydrogen. Among these polymers, only PVA is easy to form microspheres and has been investigated extensively. The diameter of PS-PVA dual hollow microspheres should range from 200 m to 500 m [7] .
The shear force of outer sphere is the main factor which can affect the deformation of the microspheres during the preparation of the dual hollow microspheres. The surface tension of droplet is the driving force to maintain its spherical shape [8] [9] [10] [11] . The droplets will divide into several smaller droplets if the deformation ratio is bigger than 0.5. However, the exfoliation of PVA shell from PS sphere will occur when the deformation ratio of outer PVA shell exceed a critical value. Two reasons will lead to this unexpected phenomenon, one is the great modulus differences and the other is the weak interaction between PVA and PS. Consequently, the PS spheres will be dissolved by the outer oil phase [12] .
The Cox [13] equation for the deformation of liquid drip can be simplified as follows: 
where =
• / , is the viscosity of medium, and
• is the shear rate and is the surface tension. Here, = / , , and d are the viscosity and diameter of liquid droplets, respectively.
According to (1) , the deformation (D) of liquid droplets will increase with its diameter, which will lead to the severe exfoliation between PVA shell and PS sphere for the large hollow sphere. Therefore, it is very difficult to fabricate the large hollow microspheres via the microemulsification technology when the diameter exceeds 500 m [12] .
However, the development of ICF experiment requires the hollow microspheres with larger diameter. In this paper, the ozonization technique is introduced to solve this problem. The ozonization technique is often used in polymer 2 Advances in Polymer Technology surface modification for its easy procedure and low cost [14] [15] [16] [17] [18] [19] [20] . Once polymer is exposed in ozone atmosphere, some carbonyl groups and carboxyl groups will appear on the polymer chains. In addition, some peroxide groups will also generate. The peroxide group will change to hydroxyl group after ultraviolet illumination or heated. Consequently, the surface of polymer will become hydrophilic to some extent [19, [21] [22] [23] . Then the interfacial interaction between PS layer and PVA layer will be enhanced. This technology is a feasible method to avoid the exfoliation between PVA shell and PS sphere for the large hollow sphere.
Experimental Section
2.1. Materials. Polystyrene (PS) and Polyvinyl Alcohol (PVA) are supplied by J&K Chemical Company. The number average molecular weight is 250, 000 for PS and 124,000-186,000 for PVA, respectively. All other reagents and solvents were analytical grade products and used without further purification.
The Surface Modification of PS Film and the Fabrication of PS-PVA Bilayer
Film. The procedures of surface modification for PS film were conducted as follows. PS was first dissolved in toluene solvent with a proper concentration at 10 wt%. Then the PS solution was spin coated on a silicon substrate and the toluene solvent was removed. The ozone treatment experiment was firstly conducted by dissolving ozone in water at 25 ∘ C. The pH value was kept at 2 and the concentration of ozone is 20 wt%. The ozone was obtained by an ozone generator. The PS film was immersed in water and its surface was ozonized in succession. Different ozonization time on PS film was carried out.
The PS-PVA bilayer film can be fabricated by spin coating PVA solution on the PS film. PVA was dissolved in water and the weight concentration of PVA solution is 4 wt%. In addition, the thickness of PVA and PS layer is controlled within 15 m. The PS-PVA bilayer microsphere was fabricated by using microemulsification technology. Typically, PS solution was dripped into PVA solution together with rotational movement. Finally, PS-PVA bilayer microspheres were obtained after the removal of solvents.
2.3.
Characterization. Infrared spectra were measured by using a Spectrum100 spectrometer (PerkinElmer Corporation, USA) with a transmission mode. Ultraviolet-visible (UV-vis) absorption spectra were recorded on a Lambda 900 (PerkinElmer Corporation, USA) spectrometer. The gel permeation chromatography (GPC) measurement was conducted in tetrahydrofuran solvent (WATERS1515, USA). Contact angle of PS films treated with ozone for different time was carried out by a JC2000X (China) machine in water medium. The interaction between PS and PVA was characterized by a Hysitron Triboindenter nano indenter (China). The morphologies of sample were observed by using a metalloscope optical microscopy (CANY C2003B, China). The morphologies of film were sputter-coated with gold and observed by using a JSM-T300 (Japan) field emission scanning electron microscopy with an accelerating voltage of 30 kV. A Veeco WYKONT1100 (USA) white light interferometer was used to obtain the surface shape of PS film with different treatment.
The adsorption of PVA onto PS film was calculated at room temperature as follows. First, several standard PVA solutions was prepared and the neat PS film and ozonized PS films with different ozonization time were immersed in PVA solution. The adsorption effect of PVA onto PS film can be compared by using Ultraviolet-visible (UV-vis) absorption spectra. To quantify the effect of ozonization time on the adsorption of PVA onto PS film, the adsorption ratio of PVA for neat PS can be defined as 0 when the adsorption time is 0 min. So the adsorption ratio of PVA for ozonized PS can be calculated by comparing the absorption intensity of the neat PS and ozonized PS at different adsorbing time. The adsorption ratio (A) of PVA for ozonized PS with different ozonization time can be calculated by using
where n is the absorption intensity of PVA for neat PS and o is the absorption intensity of PVA for ozonized PS with different ozonization time.
The morphology of PS-PVA bilayer microspheres was observed by using a microscopy (VHX-600E, KEYENCE, Japan). First, the PS-PVA bilayer microspheres with large diameter (larger than 500 m) were filtered by using a sieve. The diameter and the thickness of PS layer and PVA layer were measured by an X-ray detector (TXF5011, USA).
Results and Discussion

IR Analysis.
The infrared spectra characterization of PS film before and after treated by ozone is shown in Figure 1 . Compared with the original PS film, the surface modification brings about some different in its absorption peaks when the treated time is 2 h. Two obvious absorption peaks at 1720 cm be ascribed to the stretching vibration of carbonyl groups and hydroxyl groups, respectively. By carefully analyzing the changes of carbonyl groups, the absorption intensity of carbonyl groups is enhanced with modification time in Figure 2 . The absorption peak near 1720 cm −1 is further analyzed by double integration and nonlinear fitting, and two new weak absorption peaks (1710cm −1 and 1746 cm −1 ) can be found. The possible reason is that the few ketone carbonyl groups exist on the modified PS surface while the carboxyl groups are still paly a dominated role. This phenomenon is well correlated with Liu's report [24] . Therefore, the chemical groups on the ozonization modified PS surface are carboxyl groups and few ketone carbonyl groups.
The amount of carbonyl and hydroxyl groups with ozonization time on the PS film is measured by calculating the area of absorbing peaks. The detailed date of these two functional groups at 323 K is presented in Figure 3 . It can be clearly seen that the amount of both carbonyl and hydroxyl groups are increased with ozonization time. However, the increase tendency is different for the two groups. Obviously, the amount of the carbonyl groups is higher than that of the hydroxyl groups. The possible reason for the increase of these two groups with ozonization time is given as follows.
The ozonization course [25, 26] can be described as
The singlet ozone (O3(S)) is a stable substance, while the triplet ozone (O3(T)) is very unstable. Therefore, it is very easy for O3(T) to dissociate to the excited molecule oxygen gas (O2(1Δ))and the triplet-state oxygen atom (O(3P)), respectively; and the O(3P) will further transform to the excited O(1D). The singlet state oxygen atom (1D) can react with PS macromolecular chains through a concerted insertion reaction into C-H and C-C bonds to form C-OR groups, while oxygen (3P) will react with molecular oxygen, ozone, and other radicals through abstracting hydrogen from the polymer to leave a carbon radical, leading to generate more highly oxidized functionalities such as carbonyl and carboxyl groups [27] . By continue increasing the ozonization time, the amount of carbonyl and hydroxyl groups will further increase. Consequently, the interaction between the ozonized PS and the PVA will be enhanced because both of them contain similar polar groups, and this interaction will be further enhanced by increasing the ozonization time. However, excessive ozonization time will lead to several undesirable outcomes. One is the final physical properties of ozonized PS, it will be impaired by introducing too much carbonyl and hydroxyl groups, the other is containing too much carbonyl and hydroxyl groups and it will lead to the adhesion of PS microspheres by hydrogen bond interaction. Therefore, the proper ozonization time is 2 h by taking the amount of carbonyl and hydroxyl groups into consideration.
GPC Measurement.
To investigate the effect of surrounding conditions on the ozonization PS, series comparisons are carried out by gel permeation chromatography in two different pH values. The two different pH values are 2 and 12.
As shown in Figure 4 , the weight-average molecular weight (Mw) of PS in two different pH conditions is calculated. It can be seen that the Mw of ozonized PS is different in the acidic and alkaline treating condition, especially at higher ozonization temperature. Compared with the standard PS sample, little difference is found for the Mw of ozonized PS in acidic surrounding (pH<7). In contrast, the degradation reaction will generate when the solution condition is alkaline; in other words, the alkaline treating condition will lead to the degradation reaction. The possible reason is that ozone molecular can react with OH-in solution to produce OH 2 -, which can induce OH z radical. The OH z radical has a high oxidation potential value of 2.80 eV. This value is 35% higher than that of ozone molecular, so OH z radical can lead to the broken of C-C for PS and further generating water and carbon dioxide [24] . Therefore, the proper treating condition of PS is in acidic condition.
Contact Angle and UV-vis Characterization.
The contact angle of a liquid on a solid surface depends on the physical and chemical properties of the surface, such as wettability, hydrophilicity, and roughness. Thus, measurement of the contact angle on treated PS films gives information on the surface properties. The contact angle for different ozonization PS film to PVA is recorded to study the adsorption properties of PS to PVA; results are presented in Figure 5 (a). Figure 5(b) is the adsorption ratio of PS film to PVA for different ozonization time. The ozonization modification technique of PS film is at 323 K and in acidic condition (pH=2). The PVA adsorption ratio of ozonized PS with different ozonization time is calculated by using equation (2) and the effect of ozonization time on the adsorption ratio of ozonized PS is shown in Figure 5 (b). It can be clearly seen that the adsorption rate of neat PS film is 0 when the adsorbing time is 0 min and little difference is found by further increasing the adsorbing time. However, an obvious increase of adsorption ratio is found for the ozonized PS and this value will increase with adsorbing time, implying the enhancement of interfacial interaction between PS and PVA by ozone treatment. Before ozonization modification, the contact angle of PS to PVA is 98.5 ∘ . After ozonization for 1 h, this contact angle decreases to 82 ∘ , while the adsorption rate of PS to PVA is enhanced. Those phenomena revealed that the surface of PS film has turned from hydrophobic to hydrophilic, which is in agreement with Dengteng Ge [28] . The reason is that the surfaces of ozonization PS film generate carbonyl and hydroxyl groups, which will have strong effect with the hydroxyl groups of PVA by hydrogen bonding [7] . Consequently, the adsorption rate will be enhanced.
Obviously, the contact angle of PS to PVA decreased with the ozonization time; and the adsorption rate of PVA gradually increased. This phenomenon is well correlated with the IR results which demonstrated that the amount of carbonyl and hydroxyl groups is increasing with the ozonization time. The generation of these functional groups can enhance the interfacial interaction between PS and PVA.
The Toughening Effect of Ozonization PS and the Interfacial Interaction between PS and PVA.
The polarizing optical microscopy observation of surface morphologies for PS film before and after ozonization is shown in Figure 6 . Half side of the PS film was protected to avoid the ozonization while the other half side was treated by ozone; then the film was immersed into water at 10 ∘ C to compare their different stress cracking behaviors. After few hours, the half side of the film without ozonization modification began to exhibit cracks. While the other half side of the film began to exhibit cracks after 3 days. There is an obvious difference for the cracks morphologies among the two sides. The shape of the cracks is dendritic and spherical in the left and right side, respectively. These two different cracks are corresponded to brittle and ductile fracture. Therefore, the ozonization modification can result in the toughness of PS film also can stop the development of cracks.
A nano indenter experiment [29] was conducted to characterize the interfacial strength between PS and PVA layers; each layer is 800 nm. The effect of ozonization modification of PS on the interfacial between PS and PVA was analyzed. When a critical loading is carried; a sudden change of friction coefficient will appear. Therefore, the sudden change of friction coefficient can be used to judge the interfacial debonding of PS and PVA. The calculated data of two different systems was listed in Table 1 ; one is for the untreated PS coated PVA and the other is for the ozonization PS and PVA (the ozonization condition is at room temperature for 2 h in acidic condition, pH=2). Obviously, the critical loading of layers between ozonized PS and PVA is increased by 40% compared with that of untreated PS and PVA, which indicates that the interfacial interaction between ozonized PS and PVA is enhanced. This result is well complied with the increase adsorption between PS and PVA in Figure 5(b) . found on the surface of PS film after ozonization at 323 K. These concaves resulted from the chemical reaction between PS chains and ozone [30] [31] [32] [33] . The average diameter of concaves is about 3 m and the amount of concaves increases with the ozonization time. The existence of these concaves can benefit the enhancement of the interfacial interaction between PS and PVA by providing large anchoring spots. Figure 8 is the thickness map collected from the white light interferometer for the ozonized PS film. The ozonization time is 2 h and the pH value is 2. It can be clearly seen that the surface of ozonized PS film is not very coarse and a few defects are found on this surface. However, serious problem will be brought about when the ozonization time is as long as 8 h because too many concaves will deteriorate the mechanical properties of PS film.
The Effect of Ozonization on the
It is known that the survival rate of PS-PVA hollow microsphere with large diameter will be restrained due to the large deformation of each layer on the basis of Cox equation. Therefore, the interaction between PS and PVA layer should be enhanced to fabricate large hollow microsphere with excellent stability. The enhancement of the interaction between PS and PVA through ozone treatment will lead to the increasing of stability for PS-PVA bilayer microspheres with large dimension (the diameter is larger than 500 m). Figure 9 is the pictures of the bilayer PS-PVA microspheres treated by ozone. The thickness of each layer and the survival rate of PS-PVA hollow microsphere with large diameter are listed in Tables 2 and 3 , respectively. The average diameter of PS-PVA bilayer microspheres can reach to 778 m. After ozone treatment, the survival rate of PS-PVA hollow microsphere with large diameter is increased to 50%, a remarkable enhancement compared with the untreated PS-PVA one.
Conclusion
The ozonization modification method was conducted to the PS film to enhance the interfacial interaction between PS and PVA in this paper. The experimental results revealed that the carbonyl and hydroxyl groups were introduced to the surface of PS and the amount of functional groups increased with the ozonization time. The proper modification condition is in acidic condition. After ozonization modification, the hydrophilic PS was improved and the adsorption of PS to 6 Advances in Polymer Technology PVA was also enhanced. The introduction of the hydrophilic groups could lead to the enhancement interfacial interaction between PS and PVA film. Therefore, the interfacial debonding of the PS-PVA bilayer hollow microspheres could be avoided by this ozonization technique.
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